Spin Hall effect plays an essential role in generating spin current from the injected charge current, following the Dyakonov-Perel rule that the directions of charge flow, spin flow and spin polarization are mutually perpendicular to each other.
Introduction. Spin Hall effect (SHE), converting charge current into spin current, plays an essential role in modern spintronics 1, 2 . Due to spin-orbit interactions, the unpolarized charge current is scattered into perpendicular direction so that the charge flow, spin flow and spin polarization are mutually perpendicular. Because detecting spin current directly is challenging, it is often measured through spin accumulations on the sample edges 3 or the spin-orbit torque (SOT) switching of neighboring magnetization [4] [5] [6] [7] [8] [9] .
The SOT switching is a promising technique to manipulate the magnetization direction of magnetic tunnel junctions with high switching speed and less damage to tunneling barrel between the top and bottom ferromagnetic layers 10 . However, there is a serious setback for the SOT switching driven by spin Hall effect. In usual experimental setup, the device is made of multilayers, containing heavy metal (HM) and ferromagnet (FM). When a charge current pulse passes through the device, a spin current in the perpendicular direction is generated by the HM layer and flows into the ferromagnetic layer. Consider the case where the magnetization of the ferromagnetic layer has strong perpendicular magnetic anisotropy (PMA). During the current pulse, the generated SOT pushes the perpendicular magnetic moments into the in-plane configurations. 8, 11 Without symmetry-breaking interactions, these in-plane magnetic moments relax to the perpendicular axis randomly after the current pulse. In consequence, the SOT drives the ferromagnetic layer into a demagnetization state or multi-domain state.
To facilitate a definite SOT switching of magnetization, a longitudinal magnetic field (along the current direction) is needed to break the symmetry. During the current pulse, the push-down magnetic moments are not strictly in-plane anymore.
The longitudinal field breaks the symmetry so that the magnetic moments are slightly tilted, making the SOT switching definite. The necessity of an external field renders the SOT switching unpractical for realistic applications. To remove the required longitudinal field, there have been several proposals to achieve field-free SOT switching for magnetization, including wedge structure [12] [13] [14] , in-plane exchange bias [15] [16] [17] , multiple spin-current sources 18, 19 and so on. These attempts try to replace the longitudinal field by some other symmetry-breaking mechanisms so that the field-free SOT switching can be achieved.
But, one can also tackle the challenge from a more fundamental perspective. Note that, while spin current is often described as spins with definite polarization flows in the specific direction, it is actually a rank-two tensor with multiple components. This tensor property of spin current has been demonstrated by detecting anomalous spin accumulations in recent experiments under the name of magnetic spin Hall effect (mSHE) 20 . This breakthrough is inspiring and provides a strong hint that the zero-field SOT switching may be achievable by properly designed mSHE.
Following the inspiring thread, we fabricate the bilayer structure composed of HM and antiferromagnet (AFM) as the spin-current source. When the charge current injected into the Pt/FeMn bilayer, the spin current, following the usual Dyakonov-Perel rule, is first generated in the Pt layer. The spin current then flows into FeMn layer and gets scattered by the Neel order with non-collinear spin texture. It is rather remarkable that the resultant spin current (with additional non-vanishing components) can achieve zero-field SOT switching. We will explain this surprising outcome in the following paragraphs. The bottom and top Ti layers are adhesion and capping layers, respectively, and the Cu layer is needed to maintain PMA in the ferromagnetic Co/Ni layers. The spin current is generated in the Pt layer first and then get modified by the FeMn antiferromagnet.
The film is made into single wire device of 10 μm × 10 μm size by photolithography and ion-beam etching. The electrode is done by lift-off process. Figure 1 , the SOT switching curve is taken by applying current pulses of 10 μs width, and the magnetization is measured by focus magneto-optical Kerr effect (FMOKE). Without any external magnetic field, as shown in Figure 1 To avoid confusions in later discussions, it is necessary to define the polarity of the SOT switching. When -M (initial) can be flipped to +M (final) by positive current density, the polarity of the SOT switching is referred as "positive". Meanwhile, positive polarity also indicates that +M (initial) can be flipped to -M (final) by large enough negative current density. It is straightforward to define the negative polarity in the similar fashion. Following the above definitions, it shall be clear that the SOT switching in Figure 1 carries positive polarity.
As shown in
The concurrent zero-field SOT switching is unique in several ways. The first surprise is of course the zero-field switching. In conventional SOT switching, the longitudinal magnetic field (along the charge current direction) breaks the 2 symmetry in the perpendicular axis and sets the polarity of the SOT switching.
When the external field is reversed, the polarity turns opposite as well. In the absence of the external field, the 2 symmetry is retained and the conventional mechanism for SOT switching fails. In the FM/AFM/HM trilayer structure, the external field is not needed to achieve the SOT switching, hinting that there exists symmetry-breaking mechanism escaping our reasoning at this point.
The second surprise is the concurrent reversal of exchange bias. It has been recently shown that the exchange bias can be manipulated by spin-orbit torque in HM/FM/AFM trilayer structure 21-23 . Here the sample structure is revered yet the concurrent exchange-bias switching is observed. Our findings here serve as optimistic evidence that the exchange bias can be manipulated by spin-orbit torque in wide variety of magnetic multilayers.
The last but not the least surprise is the long penetration length of the spin current.
It seems that the spin current, generated by the Pt layer, travels through the 8nmthick FeMn antiferromagnetic layer and remains strong enough to flip the ferromagnet underneath. The zero-field SOT switching is also observed in samples where the thickness of the AFM layer is 10 nm (not shown here). It has been reported in recent works that the spin current can persist through a relatively thick AFM or ferrimagnetic layer 24, 25 . The mechanisms include spin-wave propagation in AFM insulator 26 or the compensated spin precession due to opposite spin arrangements in the Neel order 27 . Our finding agrees with previous reports in the literature but the underlying mechanism, elaborated in later paragraphs, may not be exactly the same. Note that FeMn is a metallic antiferromagnet and the persistence of spin current over such a long distance is truly surprising.
Requisite of the AFM/HM bilayer. As will become clear later, the observed zerofield SOT switching is achieved by the exquisite combination of the AFM/HM bilayer: the HM layer provides the major spin current (and thus the spin-orbit torque) and the AFM layer scatters the injected spin current and generates the symmetry-breaking torque. We will first demonstrate the necessity to have both layers, followed by the detail theoretical analysis showing the resultant spin current through the bilayer.
To establish the requisite of the AFM/HM bilayer, we design two samples without The SOT switching is recovered when the external field in present. As shown in From the null-Pt and null-FeMn samples, we show that the AFM/HM bilayer plays an essential role for achieving the concurrent field-free SOT switching. It is tempting to suggest that the spin current is generated by the Pt layer and received modification through the FeMn layer by the Neel order with non-collinear spin texture. But, one needs to explain how the symmetry-breaking torque is generated and also why the spin current can survive while passing through the thick FeMn layer. Surprisingly, all these puzzles can be answered by carefully analyzing the interaction between the spin current (generated by the Pt layer) and the Neel order with non-collinear spin texture (in the FeMn layer).
AFM scattered spin current. To study the interaction between the spin current and the Neel order, it is important to recall that the spin current is a rank-two tensor , where the subindex (Roman) represents the spatial direction and the superindex (Greek) represents the spin orientation. When the charge current passes through the Pt layer, a spin current = After computing the -matrix from solving the Lippmann-Schwinger equation, the scattered spin-current tensor Δ is presented in the matrix form below:
where denotes the orientation of the non-collinear spin pattern within the unit cell ( Figure S1 It is important to classify the symmetries of these coefficient functions. It turns out that both major coefficients and ∥ reverse signs (odd symmetry) when the current pulse is reversed, while the minor coefficient ∥ remains the same (even symmetry). Because the minor coefficient is relatively small and carries even symmetry (insensitive to current reversal), we would neglect its contribution in the following discussions. Figure 6 . It is clear that the polarity of the -Hz sample changes to negative. By simply reversing the in-situ magnetic field during deposition, the polarity of the SOT switching can be reversed.
It seems that the polarity is closely related to the distribution of the Neel-order domains in the FeMn layer but further investigations are needed to manifest the connection between the polarity and the spin texture in the AFM layer. Supplementary Information S1. Scattered spin current in noncollinear AFM Previous theories have dealt with how charge current scatters with impurities through spinorbit coupling and given rise to spin current, commonly known as the spin Hall effect. In our experiment, a theory of how spin current scatters with spin texture is needed to explain zerofield switching in AFM. We consider electrons scatter with an equilateral triangular impurity consisting of three spins located at the vertices of the triangle with zero net magnetization. We assume that the electrons scatter with the three vertices within a triangle coherently, and the scattering events between different unit cells are incoherent. The above process gives rise to various components of scattered spin currents (Eq. (S15)) and provides critical symmetrybreaking spin current for zero-field switching in AFM.
Interaction between itinerant spin and spin texture. We apply pseudopotential approximation and model the potential in each equilateral triangular unit in AFM with Heisenberg interaction:
In the above equation, J is the coupling constant between the itinerant spin ( ⃑) and the localized spins ( ⃑ ) at each vertex of the triangular unit; �⃑ is the position of the three vertices where the origin is set at the center of the triangle. ⃑ and �⃑ are described by two azimuthal angles and : Here, is the length of the equilateral triangular unit, and we only consider localized spins ( ⃑ ) in xy-plane. As shown in Figure S1 , the orientations of the three spins are labeled by , 
In the above equation, � ⃑� �⃑ � is the free propagating wave:
where is the spinor state. ℊ R ( ⃑, ⃑′) is defined as the unperturbed retarded Green's function:
Calculation of T-matrix. The scattering amplitude from | �⃑ 〉 to | ⃑ ′ 〉 is characterized by Tmatrix:
In the above equation, � �⃑ � ⃑ � can be solved by inserting ⃑ = �⃑ in the Lippmann-Schwinger equation:
Here, the Green's function at the origin (ℊ R (0)) requires an introduction of cut-off momentum ∼ 0 −1 ≫ in order to resolve the divergence behavior, where 0 is the characteristic radius of the orbital:
Next, we arrive at the T-matrix by inserting the solutions of � �⃑ � ⃑ � into Eq. (S9):
In the above equation, ≡ ⃑ ⋅ �⃑ . Note that the T-matrix presented above is for incident wave travelling in + direction ( �⃑ =).
Scattered spin currents. The scatter spin currents (Δ ) in AFM can be modeled by the T-matrix given by Eq.(S12). An incident spin current injected into AFM can be viewed as electrons with spin polarized in + direction (− direction) travelling in +z direction into AFM if > 0 ( < 0). As a result, the scattered spin currents are given by the following:
In the above equations, Δ ⃑ α ≡ �Δ , Δ , Δ �, and we consider elastic scattering (� �⃑ � = |�⃑| = ); is a positive constant that relates differential cross section to � ⃑ �⃑ ( ′ , )� 2 and is independent of the scattering angle and incident momentum . Next, we arrive at the scattered spin currents by inserting Eq. (S12) into Eqs. (S13) and (S14):
� (S15) Figure S1 . Non-collinear spin texture for the Neel order and + .
Here, the Neel order can be characterized by ≡ − (see Figure S1 ), and the constants ∥ , ∥ , and are given by the following: incoherent. Therefore, we are allowed to treat each unit cell in AFM as an impurity. On the other hand, for single-crystalline AFM, one has to consider itinerant electrons scattering with the whole sample coherently and the first-principles calculations can deliver more accurate descriptions. Another limitation is that the above calculation is carried out within a simple parabolic band. Inclusion of realistic band structures can improve the results but the qualitative trends shall remain robust.
